While conjugative plasmid transfer is key to the ability of bacteria to rapidly adapt to new environments, there is no agreement on a single quantitative measure of the rate of plasmid transfer. Some studies derive estimates of transfer rates from mass-action differential equation models of plasmid population biology. The often-used 'endpoint method' is such an example.
Introduction
Plasmids are extra-chromosomal genetic elements that are common in bacteria and code for traits such as virulence factors and resistance to antibiotics and heavy metals. There are two modes of plasmid replication: by propagation along with the bacterial host via cell 55 division and by infectious transfer to new host cells (also called horizontal or conjugative transfer, or 'conjugation'). The infectious transfer of plasmids provides a form of bacterial sex when plasmid DNA is incorporated into the chromosomal DNA of the host cell. In addition to this role in chromosome evolution, plasmids also lead directly (without integration into the chromosome) to rapid adaptation of bacteria to changes in environmental conditions,
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owing to their ability to transfer among diverse hosts in a wide range of bacterial species (Davies 1994; Clewell et al. 1995; Scott 2002) .
Just as infection rates are essential for understanding disease dynamics, conjugation rates play a central role in the population dynamics of bacterial plasmids. Their estimation is confounded by the fact that plasmid transmission occurs vertically as well as horizontally, and the fact that conjugation requires contact between plasmid-bearing and plasmid-free cells.
This latter feature becomes especially relevant in surface-associated bacterial communities because spatial structure imposes limits on the amount of cell-cell contact. Conjugation rates on surfaces are inherently different from those in traditional liquid-based measurements due to a lack of spatial homogeneity, restrictions on cell movement, and the fact that some plasmids 70 transfer more efficiently on solid surfaces than in liquid cultures (Lawley et al. 2004 ).
Therefore, methods for estimation of plasmid transfer rates on surfaces are needed. Those most commonly used are typically more appropriate for liquid cultures and their effectiveness in spatial populations has not been systematically evaluated.
The 'endpoint method' has been widely used to estimate plasmid conjugation rates 75 since it was first proposed ). It avoids some of the shortcomings of 4 other measures of plasmid 'transfer efficiency' by providing a fairly robust estimate of conjugation rate that is insensitive to factors such as initial cell density, initial donor-torecipient ratio, and sampling time-at least in well-mixed environments such as liquid cultures. This estimate is easy to obtain, requiring the total cell density at time 0 and densities donors, and transconjugants at a given sampling time 1 t ; ) ( 1 t N N  is the total cell density (N= R+D+T) at the sampling time and 0 N is the total cell density at time 0 ).
To understand the endpoint estimate and its potential limitations, it is helpful to consider the underlying model assumptions upon which its derivation was based. Start with a 95 simple mass-action differential equation for the time-dependent densities of recipients, transconjugants, and donors, and the nutrient concentration (C) in a batch culture:
where  (h -1 ) and  (ml cell First of all, one must keep in mind that plasmid transfer is fundamentally different on surfaces than in liquids due to the means by which the requisite contact between donors and recipients is attained. This is reflected in differences of many orders of magnitude between 125 the 'intrinsic' conjugation rates for neighboring cells on a surface and the averaged, or 'bulk,' conjugation rates usually described for well-mixed populations (Achtman 1975 Furthermore, even if one can make some sense of a bulk conjugation rate for a spatial population, such a quantity is likely to be time dependent and sensitive to initial cell 135 distributions. This is due to the natural clustering that occurs in spatially distributed, sessile populations. Simonsen (1990) , for example, showed that the extent of plasmid transfer on surfaces was highly dependent on the initial cell density, while in liquids this dependence was very slight. Thus, the general appropriateness of applying the endpoint method to surface bacterial populations needs to be investigated. give an indication of the extent to which the plasmid was able to spread in the population.
Here, of course, one cannot decouple the roles of conjugation and growth. As we discuss below, and was pointed out in Simonsen et al. (1990) , this leads to some of these measures of 
Materials and methods
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Mathematical model
The model used here is an individual-based lattice model known as an interacting particle system (IPS). It is similar to the one developed in Krone et al. (2007) `nutrient neighborhood' centered at the 'focal' site x (see below):
and Indeed, the diffusion and consumption of nutrients and other growth-limiting quantities in spatially distributed populations can be quite complex and can vary significantly depending on species and experimental conditions. Not wanting to restrict our model to a specific case or to impose detailed assumptions that could influence behavior, we have chosen this more generic approach with fewer parameters. Our goal in the current study was to use as simple a 11 model as possible in order to not bias the results by inclusion of too many specifics (which cannot all be measured in the lab) or unduly restrict applicability.
Note that the 'intrinsic conjugation rate' ) ( 0 C  in equation (3) whether a change will be initiated from that site and, if so, what that change will be.
The simulations began with donors and recipients being seeded on the lattice, with various levels of cell density, donor-to-recipient ratio, and spatial clustering. We set as a standard initial condition 10 6 cells/cm 2 for initial cell density, 1:1 for donor-to-recipient ratio, and random cell placement. Other initial settings were deviations from this standard one: i) 250 donor-to-recipient ratio ranging from 1000:1 to 1:1000, ii) initial cell density from 10 3 to 10 7 cells/cm 2 , and iii) cluster size (described below) from 5×5 to 500×500.
The simulations were run until the lattice had 95% of its sites occupied by cells, an indication that the population density was reaching the carrying capacity of the lattice. These been made, for cell growth and conjugation to occur on similar time scales-matching what is seen in the lab, these intrinsic rates cannot be too different in the models.
Scaling for comparison of liquid-and IPS-based densities
Bulk conjugation rates, including estimates via the end-point method, are presented in 
In our simulations, we used a 1000×1000 lattice. So, based on an assumed liquid carrying capacity of N = 10 9 cells/ml, lattice-based cell densities were multiplied by 10 3 to 285 obtain an equivalent liquid density. This scaling up by a factor of 1000 all the densities appearing in the endpoint estimate cancels everywhere except in the denominator,
This meant that our IPS-generated endpoint estimates of conjugation rate had to be divided by 1000. This, indeed, produced bulk conjugation rates that are of similar orders to those typically measured (Freter et 
Statistical analysis
Statistical analysis, using log-transformed data, was based on two-sided t-tests and the Pearson correlation test, performed in Matlab (version 7.4).
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Strains and media E. coli K12 MG1655 (ATCC 47076) was used as the bacterial plasmid host. To be able to distinguish isogenic donor and recipient strains by selective plating, two antibiotic resistant mutants of this E. coli strain were used. As a donor we used a rifampicin (Rif) resistant mutant, designated K12Rif, while a nalidixic acid (Nal) resistant strain, K12Nal, was 300 used as recipient (Fox et al. 2008 ). The plasmid was the 64.5 kb broad-host-range IncP-1 plasmid pB10, which confers resistance to four antibiotics (tetracycline, amoxicillin, streptomycin, and sulfonamides) and mercury chloride, transfers to various hosts at high rates 
Filter mating procedures
Plasmid transfer experiments were performed on 0.45m pore, 25mm diameter filters (Whatman International Ltd., Maidstone, England) on top of LB agar plates, essentially as previously described (Top et al., 1992) . The donor strain was K12Rif (pB10::rfp), and the were always included, and no significant numbers of resistant colonies were observed on the 335 transconjugant medium when plating these undiluted control suspensions. To determine the population densities per cm 2 , the diameter of the circular droplet after it had dried was measured and used to calculate the surface area covered by cells.
Results
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When estimating the rate at which some event takes place in a population, it is important to understand how this estimate-or the rate itself-depends on various conditions. spatially structured population might affect these estimates of plasmid transfer efficiency.
Effect of donor-to-recipient ratio
To assess the effect of initial donor-to-recipient ratios (D:R) on the endpoint estimate, , cells were randomly placed on the lattice at various D:R ratios, with the initial total resulted in significant differences (p < 0.05), this appears to be mainly due to the small 365 variances in the simulations at stationary phase. In fact, the endpoint estimates for the 9 hour data were all within a factor of less than 1.5 as the initial densities were varied (see Fig. 2B or Table 1 ). The dependence of the endpoint estimates on sampling time is discussed below. 
Effect of initial density
To determine the effect of initial cell densities on the endpoint estimate, donors and recipients (1:1 ratio) were randomly placed on the lattice with different initial densities.
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Densities of R, D, and T were simulated (stationary phase densities shown in Fig. 3A) . The resulting values of ( Figure 3B ) increased by two orders of magnitude as the initial density increased and depended very little on the sampling threshold, measured as the fraction of the lattice that is filled at the time of sampling. Thus, the initial cell density significantly affects (p = 0.0002) the endpoint estimate of conjugation rate in spatial simulations. This is very 395 different from the situation with well-mixed populations and it illustrates one of the pitfalls of applying the endpoint method to spatial populations. The above can be explained by observing ( Figure 3A ) that the stationary phase transconjugant density was strongly 18 dependent on initial density, while the donor and recipient densities were insensitive to initial densitiy. This dependence of transconjugant density on initial cell density is, in fact, one of 400 the signatures of plasmid spread on surfaces and is consistent with empirical results of Simonsen (1990) with the IncF plasmid R1drd19, as well as our own data (Fig. 4 below) with an IncP-1 plasmid. Note that the data in Figure 3B are more easily interpretable, and make more sense, when presented as a function of sampling threshold-rather than elapsed timesince these simulations were started with different initial densities and hence take different 405 times to reach the same density. 
Other measures of transfer efficiency
Other transfer efficiency measures T/D, T/R, T/RD, and T/N were also evaluated (see Table 1 ) using the same stationary phase cell densities upon which the endpoint estimates 
Discussion
In surface-associated populations, spatial structure leads to heterogeneities in nutrient We conclude with some recommendations for quantifying plasmid transfer efficiency.
The best way to understand plasmid transfer in surface-associated populations is to estimate the intrinsic conjugation rate and use a spatially explicit mathematical model to determine the at which transconjugants start appearing. This, however, can be made difficult by issues such as physiological stresses that the cells experience when being transferred from a liquid culture to a plate environment (Cuny et al. 2007 ), spurious mating that occurs on selection plates used to count transconjugants, and other detection problems such as delays or inconsistent levels of fluorescent protein expression encountered when using fluorescently labelled plasmids.
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If, instead, one uses the bulk estimates we have been discussing to attempt to quantify plasmid transfer in experimental cultures, the endpoint method provides the least problematic estimate for both liquid and spatial cultures. Furthermore, we suggest the following:
(1) When applying the endpoint method to well-mixed (liquid) populations, take into account the restrictions outlined in the Introduction (and in Simonsen et al. 1990 ). For example, 25 Simonsen et al. (1990) point out that their assumption of identical first-order Monod dependence on nutrient concentration for conjugation and growth rates means that one must take care when applying the endpoint method that both growth and conjugation are equally affected by nutrient availability during the incubation period. In particular, the incubation period should be short enough to avoid significant decreases in nutrient concentration.
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Remember also that the endpoint method is designed to provide an estimate of the maximum conjugation rate. should be carried out before clustering and nutrient consumption lead to spatial heterogeneities and/or non-parallel changes in growth and conjugation rates. Thus applied, the endpoint estimate will provide a consistent upper bound on the effective bulk conjugation 575 rate, keeping in mind that reduced densities and increased spatial clustering may decrease bulk conjugation in natural populations. Ultimately, the direction and magnitude of the effects of limited mixing will define the level of difficulty in (i) comparing structured populations to well-mixed ones and (ii) using bulk-type estimates to draw conclusions about structured populations.
(3) When applying the transfer efficiency measures T/D, T/R, T/RD, and T/N to spatial
populations, T/RD will be very close in behavior to the endpoint estimate, for reasons that are explained at the end of Results. In our simulations, all of these quantities had sensitivity to initial cell density and clustering of donors and recipients similar to that of the endpoint estimate and hence the afore-mentioned issues related to limited mixing apply. Unlike the 585 endpoint estimate and T/RD, the measures T/D, T/R, and T/N are highly sensitive to donor-torecipient ratios (cf. Table 1 Table 1 
